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LIQUID-HYDROGEN-FUELkD-VEtiICLE TZSTS

Executive Summary

by

Walter F. Stewart

Ias AliIImJsNtitional ~boratory

LoY Alamos, New kxico ● ✎



ABSTRACT

A program for the development of a baseline liquid-hydrogen fueled

vchicl~ and a liquid-hydrf -refueling system was completed at the Los Alamos

Nation,ll Laboratory on September 30, 1981. This program involved the

cooperative efforts of the hboratory (funded by the U.S. Department of

Energy), the Deutsche Forschungs- uridVersuchsanstalt fur Luft- und Raumfallrt

(DFVL[.)of the Federa! Republic of Germany, and the State ot New Mexico

through the New Ncxico Energy Institute (N}lt;I).Tileresults o~ the program

provif-lc a reference poinL from which future progress and improvements in
#

Liquid-hydrogeli on-board storage and rriueling capabilities may be meas~r~d.



OBJECTIVES

Tl~emajor objectives of the program include:

b provide a baseline vehicle using state-ot-che-crt equipment with

which to compare and evaluate future improvements in vehicle

performance, liquid-hydrogen storage systems, other hyclrogcn storage

methods, and other synthetic fuels storage methods;

investigate the problems involved in the on-board storage 01
4
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liquid-hydrogen; . .

. investigate t!~c I)r(lblvms involved illiucling vehicles witl) liquid

hydrogen;
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OBJECTIVES

provide a baseline vehicle using state–
o f–the–art LH2 storage,
and engine conversion

refueling,
capabilities

investigate Lhe problems
the on–board storage

investigate the problems
fueling vehicles with

involved
of LH2

involved
LIJ4

. .

in

in

deve 10D a LH2 refueling system that can
be bperated by personne 1 with minimal.-. . .
special training

develop an automobile of conventional
appeara ncc and performance operating
on LH2

lAsAlafnos



PROL’M PARTICIPANTS

The program involved the cooperative efforts of the New Nexlco Energy

Institute (.NMEI)for the State of New Mexico, the Deutsche Forschungs- und

Versuchsans~.alt fur Luft- und Racmfahrt (DFVLK) of che Federal Repllblicof

Germany, cnd the Los Alarsos National hboracory wiLh funding from tl~eOffice

of Vehicle and Engine Research and Development of the U.S. Department of

Energy. The DFVLR is an organization similar co the National Aeronautics and

Space Administration (NASA) althougt) it is not a government organization. ,

The N}IEIprovided a 197Y Buick Century sedan l“orthe program. . .

TIICDFVLR provided the initial liquid-hydrogen tank and a semiautomatic

refueling station for the l:rogram.

Thu I)FVLRand the Los Alamos Nat~uniil Labc:-.lt:~ryjoinLly desi~necl and

fabricated the second liquid-hydroger, s:.oragc tank used in the program.





VEHICLE MODIFICATIONS

Modifications to the vehicle by BEC and the Laboratory include:

.
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Removal of the gasoline tank, the exhaust catalytic converter, and

some of the sheet metal to make room in the trunk compartment for

the liquid-hydrogen tank.

Vapor seaiing between the trunk space ana the passenger compartment

to prevent hydrogen from entering the passenger compartment in the

event of a hydrogen leak in the trunk space.
. .

Installation of louvers in the trunk lid for ventilation of the

trunk compartment co avoid an accum~lation of hydrogen in chc event

of a hydrogen leak in the trunk space.

Installation of hydrogen detectors in the trunk and the passenger

compartment CO provide a warning in the event of a hydrogen leak.

Installation of a 25.7 L (G.a gal.) water tank in the trunk for a

water induction system that uses the vehicle’s original equipment

gasoline pump and carburetor to deliver water to tl)e intake

maniiold. WaLcr inducLiorl is us?d to reduce backfiring in the

intake manifuld and to lover NO emissions, especially during
x

operation at higl) puwer.

installation 01 :; lIy(lrogcII feed sysLcnl, includil]gcontrols, to

dclivur hyclro~ull fr(lm tllc liquid-hydrugell Lank to tile cngil~c.

Inst,lllation 01’ :1 I)ydro};l:l] tdnk ltquicl-lcvl!l gauge and pressure

indiciltor/collLrul lvr to p(:rmiL Lhe driv(!r Lo monil:ur and colltrnl the

hydrogen fuel gystum.

lnstallaLiou of illslrlllllt!lltati(lllsuch as a LC.ICIIUIIICLUIO, inLake

Illilf)iluldprussurc ~,auI;c, and a hyclrogun prcssdre gauge ilL tile inlet

Lo the Impco gas mixer.
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ENGINE MODIFICATIONS

The engine modifications that were made by the 13ECand the Laboratory for

operating the engine on hydrogen rather than gasoline include:

● Removal of all stock emission-conLrol equipment because it was not

needed.

9 Installation of an Impco CA-300 gas mixer on the standard Rochester

gasoline carburetor (original equipment which was left in place).

The Impco carburetor controls the hyarogen/air mixture and the “

Rochester carburetor controls the water induction rate. The engine

is operated in a throttled mode at a constant fuel;air equivalence

ratio of about 0.9 (slightly lean).

# P, “gging the idle jets in the Rochescer carburetor to prevent water

use at idle.

9 Installation of a positive ~rankcase ventilation system to prevent a

hydrcgen/air mixture from accumulating wittlin the crankcase.

9 Rcplaccment of tilestandard spark-]:lug wires with heavy-duty solid

wires to reduce crossfii-ing and misfiring.

● Removal of the vacuum CICIV.IIICC and centrifugal advance and setting

Lhe ignition timing at a fixed 20° before top center (i3’TC)to

reduce backfiring as milchas possible. Later, a modified

centrifugal advance system was installed to allow the cn~irle to be

started at one timing and operated at another.

● Installatiort of an oxygen sensor in tileexhaust to pr~viclenn

indication of the fuel/air mixture.

. Changicg the radiator thermostat to one with a setting of 70°C

(15t1°F) to operate the engine cooler than normal to reduce tl]e

backfiring, yet still provide heated water kor the hydrogen heat

exchanger on tank #1.

9





LIQUID-}lYDIU.)CENL)N-IJOARDS1ORAGE TANK #1 DESCRIPTION

The first liquid-hydrogen on-board storage tank used in chc pr[)~ram was a

dual-shell VCSSC] with 6(I mm (2.4 in.) of evaucated multi!ayer insul.ltion

bc~ween t]le aluminum ,Illaj inner and outer shells. This particula~ tank

configuration was ClIOYeII ior use on a bus (but was never used for that

application) and thus its design was not necessarily optimum fur this

vehicle. Both the inner and outer shells were fabr~.Jted irom commercially

availaile 4-mm- (0.157-in.-) thick aluminum alloy cnd caps, or pressure

heads .

A liquid-lctcl indic.lt

within Lhe inner vessel.

The manually operated refuel ini:vulvcs, tuhino connections tJ?LW(iCll

11



HYDROOEN
TO ENOWE

l.,o”,o~+”-
—-.-. ttVDhPQEN

VENf BAYIJNET

OUTER SHELL
ALUMINUM ALLOV

ALUMINUM ALLOY
—INN&R SHELL SUPPORT

OLASSREINFORCED

EPOXY nESIN

12



LIQUID-IIYDWXEN ON-UOAKD STORACJE TASK #1 DESCRIPTION

The inner shell of the first liquid-l~ydrc~~enon-board storage tank used

;n the program had a volume of about 150 L (30.6 gal.): 11O-L (29-gal. )

liquid volume and 40-L (10.6-gal. ) ullage space. The actual amount of liquid

hydrogen wit]lill the tank varies from 97.7 to 11:.8 1, (25.8 to 29.6 gal.)

depending upon the refuelil~g procedure.

The empty wcigl~c of the tank is 83.8 kg (184.4 lb) and the maximum filled

weigl~t is 91.8 kg (202.3 lb).
. .

l’he tailk has a maximim op~ratillg pressure of 447 kl’a (65 psia) and is

designed to withsL:lllu a 10 g acceleration loud in any direcLion with iI 9afCLy

actor of Lwo.



SUMMARY OF LIQUIL-HYDILOGEN ON-BOARD STORAGE TANK #1 PARAMETERS

Hydrogen
Original Cascline

TankCoa 1

---

---

43,2(95.0;

5L.l(llY.0)

Achieved

0.9 (35.4)Outside diameter, m (in.) ----

Gverall hei&hL, m (in.) 0c66(26.0) ---

bmp~y weight, kg (lb) 83.8(184.4) 13.6(30.0)

63.0(138.6)~1.b(202.3)Filled weight, kg (lb)

thxiwm worlting prcssurl!,

kP~ (psid) 447.(65.0)

150.0(39.6)

200

3.5

447.0(65.0) ..-

1100()(29.1)ULiquid volume, L (u:I1.) 68.S (18.1)

IICUL leak, W ..-

10.()’) ---

Lu:;s rulu [or VCIItI!II

Lunk, L/dtIy (}jdl./d:ly) 5.0(1.3)

10.()(1,4;

11C(J(2*9) ---

l~rrssurubuild-up I’illl ,

kPtl/11(p~i/h) ---

-..Luck-up timu, mil~imum, II 4U

. . . ..—.——. ------



LIQUID-HYDROGEN ON-BOARD STORAGE TANK #2 DESCRIPTION

‘lhesecond liquid-hydrogen on-board storage tank used in El}e program is ~

C;,lindri:al, dunl-shell vessel with two copper therlr,alradiation nnielcls. Thc

inner ves9ei is fabricated from stai)lless steel and the cu~er vessel is made

of 5083 aluminum alloy. me two Cop.)cr shields and the inner vessel are

wrapped with aluminized mylar supcrinsulation nnd the space bctwccn LIIc inner

and outer vessels is evucllal;ed. “HILs Duwur was built jointly by IJS Alamus

and Lhe DFvI.lt to ovcrcomc some Of tile di:ndviintag.:s such as the high hcdt Leak

into the liquid Ilydrogc[lin Lhe first D.-war,iJnd to irrcorporntcmore advnncecl

cryogenic cngint?ering techniques inLo a Lal]ktlln[would rcprcscnt nn . .

improvemcnL over tllf! first Lank.

‘lhc inner vessel dnd tllc two rudiilLion ullicld:iarc supljor~ed within the

olltcrvcssul by threu fibcr[;lass-(lll(lxy~upp(]rL rollsoilt!ilCllcnd Oi tll~tfll’1~*

Ibis suppnr~ sy:;t~m is d~’sif;l,ufltrJsustniu nn accelcr~lticlnlo:ld01 10 ~’s in

fillydircclion. ll(!il~lUUk Ll}l”CJUl;il tilt! suppOrLs is rC(lUCL!d 11~ il Llll?l_lllill

cunlluction butwu~:n the two rudiu~ol~ shields and tll~six support ruds.

‘111(:l~t’iit l~ilk illfiu LIIU innur VQSSU1 cil!ili~’q tll(:lifltli(l-l~yclrul:l’11LO buil ;

L’IIIJcI)ldI::ISI!UUShydrogull I;cII12raLI.Id hy Lhi}lLoiiinu ix LISL(I to c~)ol t]IL: LWL)

coppL!r !ihiclduwhicli rcrlucc:itll~’lluii~!..~ikillLutlluillllcrVI!NSII]. “1’11is

,Ij
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LIQUID HYDROGEN ON-BO~\Rll STORAGE TANK #2 DESCkIPTIOti

The secancl liquid-hydrogen on-board storage tank used in the prograln has a

liquid-hydrogen storage capacity of 155 L (41 gal.) and an ullage space of

approximately 12 L (3.2 gal.). The overall length of the tack is 1.22 m

(48 in.) and its o.d. is 0.712 m (28 in.). The inside diameter of the iril]er

tank is G.546m (21.5 ill.).

This tanlc has an empty weight of 156 kg (344 lb) and a iilled weight of

167 kg (368 lD). The stainless steel inner vessel weighs 35 kg (77 lb) and.

the copper thermal radiation shields weigh 42.2 kg (92.8 lb). Thus, tl)e

weight cf a t~nk such as this could be reduced by using aluminum for :hc fllner

vessel and the thermal radiat.~n shields.

The heat leak into the liquid hydrogen has been measured as about 2 W,

about twice the expecced amount. Therefore, the tank has a loss rate of about

6.2 L/day (1.6 .gal./day) when the venicle is not in operation. At this late,

a full tal~k of liquid l~ydrogen woLlld require about 25 days to ev~poraLe.

This Ihwar, utilizil]g a pril;ciple (vapor -cooled tllermdl radi:lti(>n shields)

IIOL pt-uviously IIscd ill iI vul)icle liquid-hydro~rll on-boizrd stor:l)’c .Il)plic:ll:loll,

has nuL been opLimizcd for vellici:: use al~d illlprovcmcnls (SLICII as rcduci:lu Lht!

weigl~t Oi LllcDcwar) arc po:)sible.

Fabrication, al~dsome limited Lestinl;,0[ LI](’lh:warW(1SColllpll’:udallollL

mi(l-Scl)tcmber 1981, ill]d i~s LllsL:llluLiO1l into LIIL vcllliclu W(IS CUMi)l~’L(!(l till!

[irst lJ:lrL of Uctobcr; coI)scqucIILly, trstinl; and u])c’””.Llll~; (:x[lel”i{!llcc’ wiLll tllc

Dcwur is ruttlcr limitccl.

17
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LIQUID-HYDRGGEN ON-BOARD STOR.4CETANK INSTALLATION

The installations of the two liquid-hydrogen on-board storage

trunk of the vehicle are shown in these figures.

Hydrogen storage w:ll rzquire c tank with a vo!ume about 3.8

tanks in the

times larger

than that of & gasoline storage tank for the storage of an equivalent amount

of energy because of tilediffercnc~ in energy per unit volume for k. rogen and

gasoline. .

. .

19
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VEIIICLE PERFORMANCE AND OPERATION

The vehicle has been operating at ~s Alamos on hydrogen as a fuel since

April 29, 1980, and as of October 1, 1981, has been driven a distance of
3563 km (2214 miles) on hydrogen without any ma;or difficulty. An occasional
backfiring does occur during its operatian; this occurs most frequently when
starting ~he engine.

The fuel economy corresponds to 2.4 km/L (5.7 rr.iles/gal.) of liquid
hydrogen (equivalent to i3.9 km/L or 21 miies/gal. of gasoline) in driving in
the hs Alamos, Santa Fe, and Albuquerque areas. The US Environmental
Protection Agency (EPA) estimated fuel economy for this vehicle is ?.2 km/L
!17 miles/gal.) of gasoline, which is equivalent to an energy use of 4435 J/m

(6765 Btu/mile). The 2.4 km/L of liquid I-:ydrogen correspo~ds to an energy ~se
of 3436 J/m (5240 Btu/mile). Thus to go a given distance, about 22% less
energy is required using hydrogen instead of gasolil]e. . .

Although an increase in fuel economy has been achieved, the vehicle has

less power operating on hydrogen than it did on gasoline.w Acceleration
from G to 80.5 km/h ((I to 50 miles/h) requires 16.9 s at near sea level aad

2>,6 s at Los Alamos, New !lexico, which is 2225 m (7300 ft) above sea level.
Thir car would be expected to accelerate from C to 80.5 km/1: (O to 50 miles/h)
in about one-half t!~is tinlc when operating on gasoline. A gasoline-fueled
Buick Regal with a similar engine accelerated from O Lo 80.5 kin/h (0 to 50
miles/h) in 14.4 s at Los Alamos. The stock turbochargc - on the engine has

not been changed, and as a result of its Ilot tfcillg properly sizvd for
Il)drogen, a maximunl boosL pressure of 13.5 kPa (2 psi) aL 1,0.s Alnmos, and
34.5 kl’a (5 psi) at Indepcndencc, Missouri was acl~!eved; a maxir-.u:’ boost

pressure of 65.5 kPa (9.5 psi) is possible when gasoline is us.-’ AS tl~e fuel.

The water consull,ption in the engine is equivalent to 9.1 km/L

!21.4 miles/gal.).

A rallgc of 236.5 to 273.5 km (147 to 170 miles) has bee’, obL:lined driving
in the Los Alamos, Santa Fe, an,] Albuquerque areas with tank 01 ; tal]k {/2 Rives

tll? vehicle a range of about 352 km (225 miles) bccausc 0[ its greater
liquid-l~ydrogen capacity. With its 68.1-L (18-gal. ) gasoline tank, tile car
would have a ran~e of about 483 km (300 miles).

rhe NOX emissioils as measured in only one test on a chassis dynamometer
ranged from 25 ppm at idie to 1000 ppm at [ull load; this has becl~ cstim:jLcd
to be equivalent to about 0.037 and 3.7 g/km (0.06 and 6.0 g/mile) for i(lle
and full load. According to General Motors the Buick produces an average of
0.4 LO 0.5 g/km (0.6 LO 0.8 g/,,,ile) operating on gasoline over tile stal)dard
(i]’iving cyclcc Unfortunateij, wc do not 11,-Ive a similar avuragc value fur tl~e

vehicle to make a direct co,.lpariaon with the CM data. Tl)e NUX cmissiolls

from u~in~ hydrogen as a fuel could be reduced consiclcrdbly by opcrallng at a
lower fuel/ail equivalence ratio.

~n overall 10HS of power re~ult~ when g~solinc-[ueled e[l~;incs are converted

to aspirated gaueous fuels because oi the air-charge di~placement by a gaseou~
fuel with less energy per unit volume tharia liquid fuel. This loss of power

is about 5-10% fOr LPG and natural gas and about 20% for Ilyclrogen. Tllerc are
dcveral ways that this loss of power CaIIbe avurtcd but these were beyond the
~copc of Lhis proUrum since we were not attempting to advance tll~

state-of-the-art in engil.d conversion.

21



SUPWAKY OF VEHICLE PERFORMANCE AND OPEMTION ON LIQUID HYDROGEN

Hycirogen Gasoline

Coal Achieved

Acceleration, O to 50 mileslh (s) 13 16.8a, 24.13b 14.4C

Fuel economy (miles~gdl. ) 5.6 5.7d 17f

gasoline equivalent (miles/gal.) 21e
. .

NOX production (g/mile) c 1.0 0.06, 6.0g f).6-o.8h

Xallgf! . maxim’.lm(miles) ‘4,14-. 170, 225d’= Jo(l

Curb wei~ht (lb) 3400 355u, 378L)1 335il

h’aLerdsc (miles/gal.)

—— —.— .—

i

--
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HYDROGEN DELIVERY SYSTEM FROM THE STORAGE TANK TO THE ENGINE

The hydr~ge[, delivery system contains such component! as solenoid valves,

relief valvss, manual valves, regulators, and instrumentation as needed for

the transfer of hydrogen from the storage tank to the engine and for other

needs such as hydrogen venting.

Hydrogen for the engine is withdrawn from tank #1 from either the liquid

or the gaseous phase depending on the pressure within the tank. Ii the taqk

pressure is above a selected value, solenoid valve SV1 will open and solenoid

valve SV2 will close and hydrogen is taken from the gaseous phase to reduCe

tl:epressure to a selected minimum operating pressure. When the tank pressure

is below a selected value, sc!enoid valve S’12is opened and solenoid valve SV1

is closed and hydrogen is taken [I”omthe liquid phase. The Dewar pressure

(and thus, che Fist-.erregulator inlet pressure) can be increased during

driving by aclj,lstingLhe cOi~L~~l~ for solenoid valves S’;1ant’SV2. Witt~ Lauk

#2, hydrogen is normally taken from the liquid phase b.?cause tiletank is

usually left in G vented condition.

‘fhecold (20 K) hydrogen (gas or liquid) removed From either of tne cwo

taaks is warmed in a heat e.xchaliger(using hot water from the engine cooling

system ior callkvl, or ambie:~r air for tank i12)beiore it is delivered to the

engiue.

‘lhc pur[>oscof the Fisher regulfitor is to maintain n constant hydrogen

g,Ige pressure of about iO torr (5.4 inullesof waLcr) at Lhe input to the lmpco

gas mixer.

‘II(!fuel Syskelll sCll(!milticShcwn in Lhis figure is for tank #1; tl~efuel

systc’mschcnlaLic fur t:lnk{~2is slightly cliffuient.
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LIQUID-}IYDROGEN REFUELING

The vehicle was refueled numerous tinlcs with liquid hydrogen using various

liquid-hydrogen storage Dcwars available at IJJS Alamos and the semiauL’omatic

refueling station designed and built by tile DFVLR. The refuelin~ station

permits the transtcr of liquid-hydrogen from a storage Dcwnr to tl]c oil-board

liquid-hydrogen storage tank. The semiautom-itic operation of tl]e refueling

stations makes it possible for personnel wiLh liLtle or no special trai[llllg to

refuel a vehicle with liquid Ilydrogcn.

A reluclin~ opc!raLioll With .7 500-1. (13?-g.11. J sLurdge tank is sI1ow[1 wiLl) a

schcmullc of the sysLcIII 1[) .IICSC tlgure!~. Tilt: relucling operatiul] is

dcscribcd below.

111(! V1’)IAC1(2 1S [Irivl!ll LO L}]c lic]llicl-llyd ro);cll-rc Lllvlin); stdtio[l. ‘I’ll c

opcraLur lll.ILOS Lwo bdyonut culll~~\cLicjlls and un clcctricdl }<ro~ll]d colllluvtion and

tt,en initiilLt)s tllc L[)l]owill}; scmiilllLum:lLlc Scqucllc(! Ui cvenls, llIe Ilyclrogcll

!’:.l 1 :llld vI.’nt lint’s ilrf’ L!vilcudtcd l-))’ LI)L’ ‘vdculllll ])(1111[). l’llis provid{~s i) lC t
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J. IQUID-llYDl{dGEN REFUELING

Although the refueling system may be rather simple as shown in the

previous figure (and thus could be portable), a liquid-hydrogen service

station comparable to today’s gasoline service station would be more complex

and have a greater liq~id-hydrogen storage (apacity than the 500-L Dewar

shown. A refueling operation at the Laboratory’s liquid-hydrogen storage

facility with a 52990-L (14000-gal. ) tank (which might be an appropriate size

for a service station) is shown in this figure, .

. .
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LIQUID-HYDROGEN REFUELING TESTS

During a liquid-hydrogen transfer using a pressure differential between a

,upply tank and a receiving tank to effect the transfer (as shown in this

figure), some amount of liquid hydrogen is vaporized or lost as a result of:

9 flashing of the saturated liquid in tllc supply tank to the lower

prcnsure of the receiving (automobile,?atoragc) tank;

● coolclown of the supply tank prcseurization gas (hydrogen or

helium);

● coaldown of the Cranafer lin~a, refueling stution, and recci.ving

tank (if previously warm); ● .

● ~cat leak inLo tliestoraga tank, the receiving tunk, the retucling

stutionl and the transfer linc~;

● liquid ontruinmont in Lht3vent gas.
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PROGU4M SUMMARY

A baseline experimental liquid-hydrogen fue

1iquid-hydrogen semial:tomiltic refueling station

cd mid-size sedan and a

have been operated for about

17 months. During this time the vehic;c was driven for 2200 miles on l~ydragen

and was refueled over 60 times with liquid hydrogen. Also, two difierel~t

types 01 on-board liquicl-hydrogen storage tanks were tested under actual,

on-tl~e-roadl Operntin}; condiLioils. A final report is being prepared to ,

document tiletechnics! information base establisl~ed during thi. pro~ram to

provide data wllicl~has riot previously existed, or was not readily availablk.

The expericl~ce gained during this program will pruvidc for improved and more

efficiel~t liquid-l)ydrogc{lorl-bo:lrdstora~c and refueling systems in future

programs.

Altl,ough ~liC pru~rdlIl was Conlplcted on ScpLcmbf’r 3G, 1981, Llledisposition

illldfuture plails tdr tl)~’ vct~iclehuvc not ycL been .lcLt2rmillucl.WL!I)avc bcell



PROGRAM SUMMARY

ACCOMPLISHMENTS

- A documented (with technical data) oaseline vehicle was established.

- A liquid-hydrogen-fueled vehicle was operated for 17 months and was

driven for 2200 miles.

- Liquid-hydrogen refueling accomplished more than 60 times.

- Two different types of liquid-hydrogen oli-boarclstorage tanks were

tested.

Data on refueling ‘imt?and efficiency (or losses) were obtained. ‘

- Data on vehicle performance and efficiency were obtained.

STATUS

‘II~upr,.)!;t-:lmwas coluplcted on September 30, 1981.

- The final re;)ort is being prepared.



RECONMENDATJONS

The following recommendations are F,ased on the experience gained during

this program.

- A fully integrated liquid-hydrogen bulk storage, retueling, and

on-board storage system should be fabricated and tested. This shou

be a completely automated system with it necessary for the oprrator

connect the transfer lines and an electrical connector, to push a

“start” button, and to disconnect the transfer lines and electrical

d

to

connector when the refueling process is completed. The refueling -

system shouLd incorporate the latest cryogenic engineering technology

to minimize losses during refueling.

- The very latest ill c;yogenic engineering tecilnology SI1OU1CI be applied

in the fabrication of an oll-boarcl liquid-l]ydrogen storage tank to

pioduce a tal~k Lhat is rugged, has a low neat le:ik, is lightweigl)t, and

can be IIIaSS prorluccd at a cost ~hich is not prohibitive.

- A metl~od for safely clisposing of any vented hydrogen must be

Clevcloped . During this program hydroccn was vented tl~rough a

vent-slack, buL this would noL bc il satisfactory methocl O( l~ydrogen

disposal fur a hydrogen-fueled vel~icle in public use.

‘1’lle Lhree most L’rcqucllLly made comlllcnts reg:lrdil~~ tile vcl~icle ure: (1)

l’wl~cru do yuu cnrry tile Iugxage?”, (2) “is tl}ls safe?”; and, (]) “it dOeSIIt L

Ilu’.’c Ill(lctl power.” collscquL?llLly, tl~rec tidditiondl rucullllll(:lldatiol~s are made.

- An asYessmellL ul~d desi};l~ 0[ ~ velliclc incorpor~til~[; :1 liquicl-llydro~:cl~

L:i[lk I)u ut(Idc so Lll:iL Ltlc ta[~k can be P;~cliilged as S~lUIY ~Ild

ullubtrusivcly afi possihlei

- A BUfULy :l:;scssnlt?l~t :JmJ testing program bv COlldUCLCd LO tl!)CCrLilill tlltlt

liq~licl-llyclro};cl~ CiIII hc su[(!l~: tranu[crcd ill~d storccl nn-buord :1 vcl~iclc.

- An cn~;il)(’ dcvulopwul)t pro[~rt~m be pursuc~l tn climillulie buckliril~~ :ind

provi(lc ill) outl~ut powur equivdleut to Lh~L acllievccl WiLll };asoLille L’uel ,

nltlluugll urqitlu dcvclo[~mi:llt wus nut port 01 Clliti [)rul~rdlu, LIIc!

Lucklustur l)(!rl.~rmilncu of Llic un~il~u was a llc~;iltivc illl’l~icncc 01) how

hydru~un c~ ir [UU1 wu~ pcrccivudo
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RECO,~ENDATIONS

- Develop a fully integrated, automatic liquid-hydrogen bulk storage,

refueling, and on-board storage system.

- Develop an on-board liquid-hydrogen storage tank utilizing the latest

cryogenic engineering technology.

- Develop a method for safely disposing of any vented hydrogen”
.

- Develop a vehicle design incorporating a liquid-hydrogen tank.

- conduct a safety assessment and testinti program for liquid-hydrogen

on-board storage and re[ueling systems.

- Pursue an engine clevelopmenL program.
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